In vitro studies have shown that macrophages stimulated with recombinant gamma interferon (rIFN-y) produce tumor necrosis factor alpha (TNF-a), which in an autocrine fashion activates these cells. The aim of the present study was to determine whether endogenously formed TNF-a also is required for rIFN-y-induced macrophage activation and enhanced antimicrobial activity in vivo. After an intraperitoneal injection of rIFN-Py into CBA/J mice, their peritoneal macrophages released enhanced amounts of N02-and inhibited the intracellular proliferation of Toxoplasma gondii. Injection of neutralizing antibodies against TNF-a simultaneously with the rIFN-y completely inhibited both the release of N02 by macrophages and their toxoplasmastatic activity. Similar results were observed after intraperitoneal injection of a competitive inhibitor of L-arginine, NG-monomethyl-L-arginine, together with rIFN-y, demonstrating that in vivo L-arginine-derived reactive nitrogen intermediates are essential for the induction of toxoplasmastatic activity. Intravenous injection of rIFN-y inhibited the growth of Listeria monocytogenes in the livers and spleens of mice; this effect was abrogated by antibodies against TNF-a Intravenous injection of a large dose of rTNF-a resulted in a decrease in the number of bacteria in the liver and spleen, but an injection of rIFN-y and rTNF-a did not result in enhanced inhibition of the proliferation of L. monocytogenes. Together, the results of the present study are the first to demonstrate that endogenous TNF-a is required in vivo for the expression of macrophage activation with respect to the release of reactive nitrogen intermediates and toxoplasmastatic activity and for enhanced listericidal activity in the livers and spleens of mice stimulated with rIFN-y.
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Of the cytokines which mediate the host response against infections with intracellular pathogens, gamma interferon (IFN--y) is one of the most important (29) . Administration of recombinant IFN--y (rIFN--y) increases resistance against various intracellular pathogens (16, 23, 31) , and neutralization of endogenous IFN--y with antibodies decreases the resistance of mice against infections with intracellular pathogens such as Leishmania major, Toxoplasma gondii, and Listeria monocytogenes (3, 4, 35) . One of the major functions of IFN--y is activation of macrophages (22) . Activation causes changes in a number of the biochemical and functional activities of murine macrophages, such as enhanced release of reactive oxygen intermediates and reactive nitrogen intermediates (RNI), enhanced microbicidal activities, and enhanced release of various cytokines, e.g., tumor necrosis factor alpha (TNF-a) (26, 28, 29, 34) .
It has been demonstrated that administration of TNF-a can protect mice against infection with L. major (20) , T. gondii (6) , and L. monocytogenes (14) , and injection of antibodies against TNF-a causes increased growth of L.
monocytogenes and bacillus Calmette-Guerin (Mycobacterium bovis BCG) in the livers of mice (17, 24) . In vitro, rTNF-a synergizes with rIFN--y in the induction of both antiprotozoal activity and the production of RNI by murine peritoneal macrophages (8, 9, 19) .
Although the microbicidal mechanisms by which macrophages control the proliferation of intracellular pathogens * Corresponding author.
are not yet fully understood, it is apparent that in mice RNI derived from L-arginine play an important role in resistance to various pathogens, such as helminths (15) , protozoa (2, 12, 19) , bacteria (1, 5) , and fungi (10) . Recently, it was shown that in vitro TNF-a is an essential mediator of the rIFN--yinduced, L-arginine-mediated microbicidal activity of murine macrophages against L. major and T. gondii (11, 19) . However, it is not known whether the central role of TNF-a in resistance to protozoa in vitro also applies for the rIFN--yinduced effects on protozoa and bacteria in vivo. The aim of the present study was to determine whether TNF-a is also required for in vivo activation of murine peritoneal macrophages, their toxoplasmastatic activity, and inhibition of the proliferation of L. monocytogenes in the livers and spleens of mice treated with rIFN--y.
MATERIALS AND METHODS
Animals and macrophages. Specific-pathogen-free female CBA/J mice weighing 20 to 30 g each were obtained from IFFA-Credo, Saint-Germain-sur-l'Abresle, France. The animals were maintained under strict specific-pathogen-free conditions during the experiments and received sterilized food and water ad libitum. Peritoneal macrophages were collected from the mice by lavage with 2 ml of ice-cold phosphate-buffered saline (PBS) (pH 7.4) containing 50 U of heparin per ml (37) .
Immunology, TNO, Rijswijk, The Netherlands). Lyophilized rIFN--y was diluted in pyrogen-free saline containing 1% fetal calf serum (FCS) and stored at -70°C; aliquots were thawed once immediately before use. Mouse rTNF-a, produced in Escherichia coli, was kindly provided by P. De Waele (Innogenetics NV, Ghent, Belgium). rTNF--y was stored at -70°C in pyrogen-free saline containing 100 ,ug of bovine serum albumin per ml; aliquots were thawed once immediately before use. Rabbit anti-mouse TNF-a antiserum containing approximately 2 x 106 neutralizing units (NU) per ml was a generous gift from P. De Waele. Normal rabbit serum (NRS), used as a control rabbit immunoglobulin, was obtained from specific-pathogen-free New Zealand White rabbits. The cytokines and antibodies contained less than 0.01 ng of lipopolysaccharide per ml, as determined by the Limulus lysate assay.
Microorganisms. The virulent RH strain of T. gondii was maintained by biweekly intraperitoneal (i.p.) passage through CBA/J mice. The protozoa were collected by peritoneal lavage 2 to 3 days after i.p. injection into the mice, counted, and suspended at a concentration of 106 tachyzoites per ml in RPMI 1640 medium (Flow Laboratories, Rockville, Md.) supplemented with 10% heat-inactivated FCS (Flow Laboratories, Irvine, Scotland), 100 U of penicillin per ml, and 50 ,ug of streptomycin per ml (hereafter called medium). Virulent L. monocytogenes EGD (50% lethal dose, 5 x CFU for CBA/J mice) was kept virulent by repeated passage through CBA/J mice and stored on blood agar plates at 4°C. A colony was inoculated in tryptose phosphate broth (Oxoid Ltd.) and cultured for 18 h at 37°C. Bacteria were collected by centrifugation (10 min, 1,500 x g), washed twice with PBS, and suspended at the appropriate bacterial concentrations in pyrogen-free saline.
Measurement of N02 production. The amount of NO2 released by peritoneal macrophages in culture supernatant was determined with Griess reagent (1% sulfanilamide, 0.1% naphthylethylene-diamide-dihydrochloride, 2.5% H3PO4) as described elsewhere (30) . In short, 50-,ul samples of the culture supernatant were mixed with 50 ,lI of Griess reagent and incubated for 10 min at room temperature. The A550 of the reaction product, which reflects the concentration of N02I, was read on a Titertek Multiscan Plus ELISA reader (EFLAB, Helsinki, Finland).
To investigate the role of L-arginine in the production of NO2-by peritoneal macrophages and induction of toxoplasmastatic activity in vivo, mice received an i.p. injection of 1
Diego, Calif.), a competitive inhibitor of L-arginine, 15 min before i.p. injection of 104 U of rIFN-y. The macrophages were harvested 18 h later and incubated for 24 h in medium at 37°C in 7.5% CO2; the amount of N02-released by the macrophages was assessed as described above. Intracellular proliferation of T. gondii. Peritoneal macrophages were infected with T. gondii as described previously (19) . In short, macrophages were suspended in medium at a concentration of 10 cells per ml, 1 ml was plated onto 35-mm-diameter plastic culture dishes (Falcon, Lincoln Park, N.J.) containing three 12-mm-diameter round glass coverslips, and after adherence of the cells for 2 h at 37°C in 7.5% CO2, nonadherent cells were removed by washing. Next, 1 ml of medium containing 106 T. gondii tachyzoites per ml was added to the cells, incubated for 30 min at 37°C in 7.5% CO2, and then washed three times with warm PBS to remove noningested T. gondii. The macrophages on one coverslip were fixed in methanol and then stained with Giemsa stain to determine the percentage of macrophages that were infected at the start of the assay. Fresh medium was added to the other coverslips, which were incubated for another 18 h at 37°C in 7.5% CO2; the cells were then fixed and stained. The number of T. gondii tachyzoites per 100 macrophages at the start of the assay and after 18 h of incubation was assessed microscopically. Whenever the percentage of macrophages that were infected after 18 h of incubation increased by more than 7% relative to that at the start of the assay, the results were discarded. The results were expressed as the fold increase in the number of T. gondii tachyzoites, i.e., the ratio of the number of T. gondii tachyzoites per 100 macrophages after 18 h of incubation to the number of T. gondii tachyzoites per 100 macrophages at the start of the assay.
Proliferation of L. monocytogenes in the liver and spleen. 
RESULTS
Effect of anti-TNFat on rIFN-y-induced macrophage activation. Peritoneal macrophages from mice that had received an i.p. injection of NRS and 104 U of rIFN--y 18 h before harvesting of the cells inhibited the intracellular proliferation of T. gondii (Fig. 1A) and generated greater amounts of N02 (Fig. 1B) (19) .
Involvement of RNI in rIFN-'y-induced toxoplasmastatic activity. To investigate the involvement of L-arginine-derived RNI in the toxoplasmastatic activity induced by rIFN--y, mice were treated with NMA, a competitive inhibitor of L-arginine. Macrophages from mice that had received an i.p. injection of 1 mM NMA 15 min before the i.p. injection of 104 U of rIFN--y generated less N02-than macrophages from mice injected with rIFN--y alone (Fig.  2A) . The intracellular proliferation of T. gondii in macrophages from mice that received an i.p. injection of rIFN-y and NMA was significantly higher than that in macrophages obtained from mice injected with only rIFN--y and similar to that in control macrophages (Fig. 2B) .
Effect of anti-TNF-a on rIFN-y-induced inhibition of proliferation ofL. monocytogenes. After i.v. injection of 104 CFU of L. monocytogenes, the proliferation of the bacteria in the livers of mice that had received an i.v. injection of 105 U of rIFN--y and NRS 18 h earlier was less than that in control mice. After day 6 of infection, all mice that had received rIFN-y were still alive, but all of the control mice had died (Fig. 3) . When mice received an i.v. injection of 6 x 104 NU of anti-TNF-a simultaneously with rIFN-y, the proliferation of L. monocytogenes in the liver was not inhibited and was even slightly enhanced relative to that in control mice; moreover, all mice died (Fig. 3A) . During the first 2 days of infection, the rate of proliferation of L. monocytogenes in the spleens of mice that had received anti-TNF-a and rIFN--y was similar to that found for mice that had received NRS and rIFN-,y. On day 5 of infection, significantly (P < 0.05) fewer bacteria were recovered from the spleens of mice that had received rIFN-y and NRS than from the spleens of control mice. The number of bacteria in the spleens of mice injected with anti-TNF-a and rIFN-y was significantly higher than that in the spleens of rIFN--y-treated as well as control mice (Fig. 3B) .
To determine when TNF-a is involved in the rIFN-yinduced effects on the proliferation of L. monocytogenes, anti-TNF-a was injected at various times during the infection, and the number of bacteria in the liver and spleen was determined on day 4 of infection. In mice that received an i.v. injection with anti-TNF-a together with the injection of bacteria at 0 h, i.e., 18 h after injection of rIFN--y, the rIFN-,y-induced effects on bacterial proliferation in the liver and spleen were abrogated, as was also the case when rIFN--y and anti-TNF-a were both injected 18 h before injection of the bacteria (Fig. 4) . Injection of anti-TNF-oa at 48 h, i.e. 66 h after injection of rIFN--y, did not affect the rIFN--y-induced decrease in the number of L. monocytogenes cells in the spleen, but the number of bacteria in the liver exceeded that in mice treated with rIFN-y alone (Fig.   4) .
Effect of rTNF-a alone and together with rIFN-y on the number ofL. monocytogenes cells in the liver and spleen. Two 
DISCUSSION
The main conclusion from the present study is that activation of peritoneal macrophages and enhanced listericidal activity in the livers and spleens of mice that were treated with rIFN-y requires TNF-a. Endogenous TNF-a probably activates peritoneal macrophages and induces enhanced listericidal activity in the liver and spleen in an autocrine fashion. This conclusion is based on the finding that in vivo administration of anti-TNF-cL together with rIFN-y both inhibits the rIFN--y-induced activation of macrophages, as expressed by the reduced generation of RNI and the inhibition of toxoplasmastatic activity, and permits unrestricted growth of L. monocytogenes in the livers and spleens of mice.
In vitro studies have demonstrated that macrophages activated with rIFN--y with or without a second stimulation produce TNF-a, which in an autocrine fashion activates the macrophages (11, 19) . The present study is the first to demonstrate that there is a similar pathway in vivo; i.e., endogenous TNF-a, probably produced upon injection of rIFN--y, is essential for macrophage activation. TNF-a is required in an early phase of macrophage activation, since antibodies against TNF-a inhibited the generation of RNI by and toxoplasmastatic activity of peritoneal macrophages only when administered to the mice within 6 h of the rIFN-y injection; such an interval was also found in a previous in vitro study (19) .
In vivo, endogenous TNF-a is essential to limit the proliferation of L. monocytogenes in rIFN-y-treated mice as well, since administration of anti-TNF-a antibodies over a period of 2 to 3 days after administration of rIFN-y results in a significant increase in the number of bacteria in the liver and spleen. This indicates that in these mice, TNF-a is produced for several days, probably because of the infection with L. monocytogenes since such an infection in naive mice induces the production of this cytokine (24, 25) .
Involvement of TNF-a in resistance to L. monocytogenes was also shown by the decrease in bacterial proliferation in rTNF-a-treated mice (references 17 and 24 and this study), but injection of high doses of both rTNF-a and rIFN--y has no additional effect on the proliferation of L. monocytogenes in the liver and spleen (reference 32 and this study). During an infection of mice with L. monocytogenes, high levels of TNF-a are detectable on day 2 or 3 of infection (25) , which might limit the effects of exogenously added rTNF-a. In our model, we injected mice with rIFN-y and rTNF-a before infection with L. monocytogenes, and thus it is unlikely that the lack of a synergistic effect of these two cytokines is due to TNF-a that is produced during the infection.
TNF-a is required for the generation of RNI by murine macrophages both in vitro (11, 19) and in vivo (this study). In vitro, RNI have been shown to be involved in inhibition of intracellular proliferation and killing of many microorgan- (27) . The present finding that i.p. injection of NMA, an inhibitor of L-arginine-dependent microbicidal mechanisms, inhibits both the production of RNI and the toxoplasmastatic activity of murine macrophages demonstrates that RNI play also an important role in vivo in resistance to T. gondii.
Activation of macrophages is considered to be essential for protection against L. monocytogenes, and TNF-ot is involved in macrophage activation in vitro and in vivo (references 11 and 19 and this study). One of the possible mechanisms for the reduced proliferation of L. monocytogenes due to TNF-a is the generation of RNI. It has been demonstrated that RNI are involved in the killing of various species of mycobacteria (1, 5) . We have recently shown that generation of RNI correlates with the rate of intracellular killing of L. monocytogenes by BCG-activated macrophages (33) .
As yet, the mechanism by which TNF-a protects mice against infections with L. monocytogenes is not clear. Activated Kupffer cells release proinflammatory products, e.g., TNF-a (7). These cytokines activate hepatocytes to generate RNI, and such activated cells might be involved in inhibition of proliferation of L. monocytogenes (13) . TNF-a is also involved in the formation of granulomas in the livers of listeria-immune mice stimulated with heat-killed bacteria (21) and in the livers of BCG-infected mice (17) . Recently, we found that anti-TNF-a inhibits rIFN-y-induced development of granulomatous lesions and activation of cells in the liver during an infection of mice with L. monocytogenes (18) . Treatment of mice with anti-TNF-a has been reported to result in extensive proliferation of L. monocytogenes in hepatocytes with little influx of mononuclear cells (14) . These results indicate that TNF-a is required for recruitment of phagocytes to the site of infection.
